uring rainfall, small water droplets can be observed to roll off hydrophobic umbrella surfaces at diff erent speeds. A droplet on a round hydrophobic surface does not always slide down on the surface easily at a small tilt angle, but even if it does, large moving acceleration is not always observed. What determines the motion of droplets on solid surfaces?
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uring rainfall, small water droplets can be observed to roll off hydrophobic umbrella surfaces at diff erent speeds. A droplet on a round hydrophobic surface does not always slide down on the surface easily at a small tilt angle, but even if it does, large moving acceleration is not always observed. What determines the motion of droplets on solid surfaces?
Diff erences in droplet shape on solid surfaces are often explained by variations in wettability. Th e wetting of a solid surface has persisted through the ages as a research subject at the border between physics and chemistry. Wettability control of a solid against a liquid has been widely explored in industry for application in daily life because it can engender various physical and chemical phenomena related to solids and liquids. Wettability is an important property of solid surfaces from both fundamental and practical aspects. Th e degree of adhesion of liquid droplets onto a solid surface is commonly described in terms of the contact angle (θ), which is given by Young's equation as
where γ sv , γ sl , and γ lv represent the interfacial free energies per unit area of the solid-gas, solid-liquid and liquid-gas interfaces. Although the defi nition and measurement of the contact angle are simple and easy, the nature of wettability is complex because it is related to three phases: solid, liquid and gas. Moreover, various factors aff ect the surface wettability of a solid. When one factor of a solid surface such as roughness is altered, other factors such as the surface topography or its chemical composition often change simultaneously. Th erefore, it is usually diffi cult to discuss the results of surface wettability obtained from experiments while retaining academic rigor. Th e main research interest for industrial materials is the behavior of millimeter-size droplets on a solid surface of more than a few centimeters in area. Th erefore, the discussion of wettability among samples with great diff erences in surface character is sometimes conducted with ignorance of the infl uence of other characteristics.
Hydrophobic coatings are extremely important for wettability control. Th e coatings are anticipated for various industrial uses such as anti-wetting, anti-snow (or ice), anti-rust and reduced friction resistance by reducing solid-liquid interaction. Generally, a hydrophobic surface is one on which water forms a round droplet that is easily removed. Recent advances in probe microscopy and surface spectroscopy and the wider availability of such techniques have revealed that macroscopic surface hydrophobicity, especially dynamic hydrophobicity, is aff ected by nanolevel characteristics such as structure, chemical composition and their alignment and homogeneity. Th e expected properties for a hydrophobic surface cannot always be obtained unless precise design and control of the solid surface are applied. Th is report presents the results of recent studies on the design of hydrophobic surfaces for droplet removal or control from the viewpoint of materials science.
Surface factors for hydrophobicity
As described above, the contact angle is determined by the balance among interface energies. Th e wettability of a solid surface by a liquid decreases concomitantly with increasing contact angle. Based on the theories of Dupre and Girifalco-Good in their work on adhesion [1], the contact angle can be described as follows.
where ϕ is a correction factor. Relations between solids and liquids typically have a value of ϕ that approaches unity. Th is equation implies that a decrease in γ sv is necessary for an increase in contact angle. By assuming ϕ and the surface energy of water to be unity and 72.8 mJ m -2 , respectively, the maximum contact angle on a fl at surface that is attainable merely by lowering the surface energy (the lowest surface energy value yet recorded is ca. 6 mJ m -2 [2] , for a surface with regularly aligned closest-hexagonal-packed CF 3 group) is calculable as ca. 115.2°.
When roughness is imparted to a solid surface, its wettability is changed. Wenzel [3] modifi ed Young's equation and described the contact angle θ' on a rough surface as follows:
In these equations, θ denotes the contact angle on a smooth surface. In addition, r signifi es the roughness factor, which is defi ned as the ratio
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Akira Nakajima* of the actual area of a rough surface to the geometrically projected area. Th is r diff ers from the value of the arithmetic mean deviation of the profi le (Ra), which is commonly employed in the engineering fi eld. In this equation, r is always greater than unity. Th erefore, surface roughness enhances the hydrophobicity of a hydrophobic surface. Cassie proposed an equation for a hydrophobic surface with large roughness. With increasing surface roughness, air intrudes into the hydrophobic solid-liquid interface. It is assumed that the interface comprises solid and air. When the unit area of the surface has a wetted solid surface area fraction f with a water contact angle θ, the contact angle on the surface can be expressed as follows assuming a 180° water contact angle for air [4] :
Figure 1 presents the models of Wenzel and Cassie. When the surface roughness is small, Wenzel's mode is dominant. However, Cassie's mode becomes dominant with increasing surface roughness. Johnson [5] simulated the contact angle of a water droplet on idealized sinusoidal surfaces, demonstrating that the dominant mode transition from Wenzel to Cassie occurs when the roughness factor becomes greater than a certain level (ca. 1.7). In a practical hydrophobic surface with roughness, both modes will exist. An excellent water-shedding property on a superhydrophobic surface (described later) is attained by increasing the contribution of Cassie's mode, which reduces the practical contact area between the solid and liquid [6] . McHale et al. [7] theoretically examined the relationship between perturbations to contact angles on a rough or textured surface and the superhydrophobic enhancement of the equilibrium contact angle. Th ey derived the idea that a contact angle increase on a rough surface is accompanied by amplifi cation for perturbations to the contact angle in the Wenzel case and by an attenuation for perturbations in the Cassie case. Th eir results predict that a Wenzel surface will become 'sticky', whereas a Cassie surface will become 'slippery'.
In the Wenzel and Cassie equations, there are two important factors for surface wettability: both the alignment of chemical composition and roughness and the roughness shape are ignored. Th e compositional difference inside the three-phase contact line provides no remarkable diff erence in the contact angle [8] . Th e contribution of Cassie's mode to overall hydrophobicity is commonly increased when the surface has a large area into which water has diffi culty penetrating (such as the bottom edge of a rectangular hydrophobic channel) [9] . Th e hydrophobicity of the solid is enhanced by surface roughness. However, the degree depends on the surface shape. Th erefore, an additional function can be provided to the hydrophobic surface by designing a roughness shape (Figure 2 ) [10] . To date, various limitations and corrections have been pointed out and proposed for these two models [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] . Drelich et al. [11] modifi ed the Cassie equation to include a term representing the line tension contribution to the three-phase system. Woodward et al. [12] systematically measured contact angles on chemically heterogeneous surfaces where the length scale of the heterogeneity was 10-100 nm. Th ey reported the contribution of the boundary amount and the length scale of surface heterogeneity to overall hydrophobicity. Patankar [13] proposed a design model to develop a superhydrophobic substrate that accounts for multiple equilibrium drop shapes. Long et al. [15] proposed thermodynamic models for contact angles on rough, heterogeneous surfaces using a parameter named the 'surface feature factor' to classify surfaces into three categories: roughness-dominated, heterogeneity-dominated, and mixed-rough heterogeneous. Marmur et al. [17] pointed out that the Wenzel and Cassie equations are not expected to be valid when the droplet size approaches the order of magnitude of the wavelength of roughness or chemical heterogeneity, and that both the local equilibrium condition at the contact line and the global equilibrium condition involving the wetted area within the contact line are necessary and complementary. However, as a fi rst approximation, Wenzel's and Cassie's equations are applicable to the relationship between solid surface structure and wettability in many cases.
Moreover, there are diff erences in the degree of contribution of the alignment of roughness or chemical composition in the hydrophobic surfaces to sliding angle and dynamic sliding behaviors such as sliding acceleration (described later). Th erefore, precise control of the surface composition and its structure is necessary to attain static and dynamic hydrophobicity simultaneously. With proper design of the surface structure and chemical composition, control of directional transportation and sliding of a liquid droplet becomes possible.
Superhydrophobic surfaces
Surfaces, materials and states having water contact angles greater than 150° are generally designated as superhydrophobic. As described in the preceding section, such surfaces are not attainable merely by reducing the surface energy. All superhydrophobic surfaces and coatings have been obtained by combining surface roughness with lower surface energy [18] [19] [20] [21] . Recently, several examples of highly hydro phobic (contact angle > 120°) surfaces comprised solely of inorganic materials with intrinsic surface energy higher than that of organic compounds were reported [22, 23] . Th ese results are expected to be related to the specifi c surface shape and high adsorption capability of organic compounds.
Quéré et al. [24] sandwiched a water droplet between two superhydrophobic plates under loading to demonstrate that the water contact angle decreases drastically after de-loading. Th is result implies that Cassie's mode appears as a metastable state even when Wenzel's mode is the most stable. Th ese two wettability modes do not always appear as the most stable state. A similar wetting transition from Cassie to Wenzel has also been reported based on experiments involving 
Figure 1. Young, Wenzel, and Cassie models for hydrophobicity of solid surfaces with and without roughness evaporation [25] , condensation [26, 27] and vibration [28] . Th is transition is accompanied by a decrease in the contact angle or an increase in contact angle hysteresis [24, 26] . Th e stability of these two modes is discussed with consideration of the surface structure and energy balance [29] [30] [31] . Barbieri et al. [29] examined the wetting mode transition of a surface comprised of fl at-topped pillars from theoretical and experimental perspectives, reporting that the transition was a function of pillar parameters determined geometrically from the surface roughness. Ishino et al. [30] presented energy state diagrams in the twodimensional space of texture parameters, which suggests transitions between the wetting states. Th ey proposed a model that allows the description of transition states between (meta)stable contact states and which facilitates quantifi cation of the energy barriers between them. Patankar [55] proposed a methodology, based on energy balance, to determine whether a transition from the Cassie to Wenzel case is possible. Results showed that the more stable confi guration is always that with the smallest contact angle. Superhydrophobic surfaces do not maintain a state once the energy balance is broken by some means. Th erefore, this state is attainable under a specifi c condition and sustained under small external fi eld fl uctuation. Both the contact angle and sliding angle of the superhydrophobic state depend on the relationship between droplet size and roughness level. For small droplets, in many cases the surface roughness does not enhance hydrophobicity because the droplet does not refl ect the surface area increase realized by imparting surface roughness. However, when a droplet is large compared to the surface roughness, the droplet subducts into the roughness, and the contribution of Wenzel's mode increases. Th e sliding angle under this state depends on the droplet mass and the resistance to droplet sliding due to surface roughness.
Recently, many studies of superhydrophobic surfaces have been conducted worldwide. Th e contents extend from a new processing route for surfaces to droplet behavior on the surface, including sliding [6,9,32-34], freezing [35] [36] [37] , evaporation [25, [38] [39] [40] and bouncing [41] [42] [43] . However, such surfaces have not been put into practical use except in very limited cases. Superhydrophobic surfaces require surface roughness. Th erefore, long-time outdoor durability and mechanical strength are diffi cult to obtain. Surface roughness engenders a place for stain accumulation on the surface; surfaces with high roughness commonly show poorer abrasion resistance than fl at surfaces [44] . Especially in the case of transparent superhydrophobic surfaces, surface roughness is expected to be less than 100 nm (Ra) in order to suppress visible light scattering. Such fi ne structures are easily broken by pressure or abrasion. Although the introduction of a TiO 2 photocatalyst [45] , a roughness mixture [46] and conductivity [10] has been attempted in order to improve the durability of superhydrophobic surfaces against outdoor exposure, the eff ects of these approaches diff er greatly from those required for practical use. Natural lotus leaves possess self-renewal capability; clean wax is supplied to the surface by their own metabolism. Th ese two functions maintain the superhydrophobicity of the plant surface for its entire lifetime. Unfortunately, studies to overcome these weak points for artifi cial superhydrophobic surfaces are not often reported. To make superhydrophobic surfaces a key technology in the fi eld of surface functional materials, the development of technologies for the improvement of mechanical strength and long-term outdoor durability is indispensable. Otherwise, a superhydrophobic surface is merely an object to satisfy the curiosity of materials chemists. Breakthrough studies are necessary in this area.
Dynamic hydrophobicity
Furmidge [47] derived an equation that describes the relationship between the sliding angle and the receding and advancing contact angles as follows:
where α denotes the sliding angle, m is the mass of the water droplet, g is gravitational acceleration, w is droplet width and θ R and θ A are the receding and advancing contact angles. Th e angles θ R and θ A are the critical angles at which a droplet can stay on a surface without sliding on an inclined surface by its own shape deformation. Th erefore, when the diff erence of these angles is small, the sliding angle of the droplet is small. Although modifi ed relations between the sliding angle and the receding and advancing contact angles have been proposed by Dussan and Carre [48, 49] , the fundamental relationship between contact angle hysteresis and sliding angle is the same. Removal of the origins of contact angle hysteresis is an important approach for the design of surfaces with a small sliding angle. Chen et al. [50] proposed the following origins for contact angle hysteresis from the adhesion behavior of droplets on a mica surface coated with surfactants: (i) increasing the freedom of the surface molecules to reorder, (ii) increasing the load and time allowed for surfaces to remain in contact, and (iii) increasing the rate of separation or retraction. However, the respective and combined contributions of these factors to practical contact angle hysteresis remain unclear. Moreover, their contribution is expected to diff er among materials.
Along with the contact angle, surface roughness and surface chemical composition (molecule length [51] ) aff ect the sliding angle and the contact angle hysteresis. For a smooth hydrophobic surface, a surface with low surface energy provides a small sliding angle. However, for fl uorocarbon-based hydrophobic surfaces, the sliding angle is commonly large despite a large contact angle [52] [53] [54] . Unlike the contact angle, the sliding angle is strongly aff ected by the alignment and continuity of the three-phase contact line [9, 32, 55] . It is feasible to lower the sliding angle on the surface with a small contact angle by appropriate design of the three-phase contact line (Figure 3) . Structural heterogeneity and chemical heterogeneity in the hydrophobic surface aff ect the sliding angles more remarkably than the contact angles, increasing sliding angles while pinning the three-phase contact lines [56] .
Although the sliding angle relates the motion or deformation of droplets, it is not an index of dynamic hydrophobicity, such as sliding acceleration or velocity. Th e sliding angle is not a function of time; its meaning is the limitation of interface energy balance at the three-phase contact line. Both the contact angle and sliding angle are essentially thermodynamic properties. Th e surface shape of industrial items is generally determined by their size, function and design. For the design of surfaces with excellent water-shedding performance, information about how fast the droplet can be removed from the surface at a certain tilt angle is becoming more important than information regarding the lowest tilt angle at which the droplet begins to slide. Moreover, dynamic hydrophobicity relates directly to energy saving and environmentally friendly technologies by decreasing the friction drag between liquids and solids. However, a fundamental understanding of the factors (hydrophobic solid surface characteristics) contributing to the dynamic hydrophobicity remains elusive.
Studies of the dynamic hydrophobicity of solid surfaces have been limited in the materials science fi eld have been limited by the following factors: (i) Droplet shapes change gradually during sliding. Th erefore, continuous and simultaneous measurement of both the sliding acceleration and the shape deformation are necessary for the comprehensive evaluation of the sliding behavior of liquid droplets. Appropriate systems to meet this objective were not developed until recently. (ii) Investigations of the sliding behavior of liquid droplets on the solid surface are mainly conducted in the fi eld of fl uid mechanics [57] [58] [59] ; collaborative studies with materials scientists or surface chemists are scarce.
Analyses or modeling of the fl uid mechanics of droplet sliding are often conducted with the assumption of constant sliding velocity. However, liquid droplets commonly show sliding acceleration in the early stage of sliding on hydrophobic surfaces with excellent watershedding properties. Measurement of the sliding behavior is generally feasible only for a limited range of samples. Th erefore, corresponding research between sliding behavior and solid surface characteristics has not been well conducted.
Recently, studies of dynamic wettability have been stimulated by the availability of high-speed photography, the advancement of motionimage sequence analysis, and increasingly rapid computation. Th ese technologies facilitate the advancement of studies not only of sliding behavior but also of other droplet behaviors such as horizontal motion, bouncing, evaporation and freezing. Moreover, the advance of nanoscale materials characterization has enabled studies of surface characteristics that govern the dynamic hydrophobicity of solids from the perspective of nanomaterials science.
Suzuki et al. [56] prepared fl uoroalkylsilane coatings with diff erent physical and chemical heterogeneities on silicon substrates by changing the processing conditions. Th ey investigated the relationships among contact angle, sliding angle and sliding acceleration. Th eir coatings possess three diff erent physical roughness orders (Ra of 0.1, 3.1 and 13 nm) and chemical heterogeneity (hydrophilic parts, probably because of some residual SiOH groups left by self-condensation or micelle formation), realized in the same material. Th eir research revealed that sliding acceleration and its behavior (rolling/slipping ratio during sliding, described later) are aff ected to a remarkable degree by nanoscale structural and chemical heterogeneity (Figure 4) . Th is result implies that high smoothness and homogeneity are advantageous for obtaining surfaces with excellent dynamic hydrophobicity. In general, more precise process control is necessary for fl uoroalkylsilanes than for alkylsilanes (e.g. octadecyltrimethoxysilane) to obtain highly smooth and homogeneous coatings. Perhaps this is the reason for the common trend of a large sliding angle in spite of the large contact angle on fl uorocarbon surfaces as described above.
Yoshida et al. [51] prepared various smooth (Ra of ca. 0.3-0.5 nm) fl uoromethacrylate-methylmethacrylate (FMA-MMA) polymer coatings, and investigated the contact angle, sliding angle and sliding acceleration. Both the contact angle and the sliding acceleration on the coatings increased concomitantly with the number of fl uorocarbons in the FMA. However, the contact angle hysteresis shows a diff erent trend ( Figure 5 ). In the longer and shorter fl uoroalkyl chains (FMA-F17, -F19 and -F3), the contact angle hysteresis decreases concomitantly with increasing FMA concentration (and hence increasing contact Honda et al. [60] attributed this result to the aggregation eff ect of the longer fl uoroalkyl chain and the larger reorientation of the medium chain at the water-polymer interface. Reorientation of the short chain might be very slight because of its orientational freedom. Th e results suggest that the sliding angle and sliding acceleration are governed by diff erent factors in these coatings. Recent reports have described that slipping and rolling motions exist in the mode of sliding motion for a water droplet [61, 62] . Th is result implies that the sliding acceleration depends on the sliding mode and that identifi cation of the contribution of these two sliding modes to overall sliding acceleration or velocity is necessary for comparison of the water-shedding performance of hydrophobic solid surfaces. An eff ective approach for the direct observation of the internal fl uidity of moving droplets is particle image velocimetry [63, 64] . Using this technique, internal fl uidity and velocity distribution during sliding are directly obtainable because of the use of tracking particles or their concentration dispersed in water ( Figure 6 ). Studies using this system have revealed that the contribution of the slipping mode is large on a surface with excellent dynamic hydrophobicity, where the rolling/slipping ratio depends on nanoscale structural and chemical heterogeneities [56] . Th ese factors aff ect the sliding acceleration strongly, just as they aff ect the sliding angle. However, the degree of infl uence of these factors has not been investigated systematically to date. Further detailed analyses are necessary.
It is noteworthy that the dynamic hydrophobicity described here is not determined by water-spreading kinetics, but by the water-shedding properties of the surface. Th e evaluation of dynamic hydrophobicity on a hydrophilic surface requires special care.
Control of water droplets on solid surfaces
Th e control of liquid droplets on solid surfaces has attracted much attention as an indispensable technology for use with various industrial items including microelectromechanical systems and lab-on-a-chip architectures, especially for hydrophobic coatings. Various investigations have been conducted to examine the motion of a liquid droplet on a solid surface using external fi elds such as gravity, heat gradients [65, 66] , electric fi elds [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] , magnetic fi elds [82] , photo-illumination [83] , blowing wind [84] and vibration [85] .
Brzoska et al. [65] demonstrated the motions of water droplets induced by a thermal gradient and the resultant Marangoni eff ect on smooth hydrophobic silane surfaces. Pratap et al. [66] presented a lubricationtheory-based model for the thermocapillary motion of droplets on a solid surface, revealing that their model explains experimentally obtained results for decane drops moving on polydimethylsiloxane-coated glass.
A hydrophobic solid surface generally becomes hydrophilic upon application of an electric fi eld [67, 68] . Electrowetting is a microfl uidic phenomenon that has grown explosively as a driving mechanism for various fl uidic and electro-optic applications [69] [70] [71] [72] [73] . Th is approach involves modifying the surface energy of liquids on a solid surface using an electric fi eld [74] . By designing appropriate electrode patterns or topographic structures on the substrate surface, variations in contact angle can give rise to changes in droplet shape, or in the motion of droplets [75] [76] [77] [78] [79] [80] [81] . Although electrowetting is useful in controlling droplets for droplet-based microfl uidics, the high driving voltage often becomes a problem for device application [80] . Wang et al. [79] investigated microdroplet sliding on a polymer surface with and without an electric fi eld using atomic force microscopy, and demonstrated that the presence of applied potentials increases the friction force between droplets and solid surface because of an increase in droplet diameter. Gunji et al. [81] demonstrated electric-fi eld-driven self-propulsion of a water droplet on a solid surface using coplanar parallel-strip electrodes fabricated on a substrate and covered with a hydrophobic coating. Th e droplet motion is of a self-propelling nature; the water droplet leaves behind a moisture layer on the substrate surface, which shields the electric fi eld on the droplet's trailing edge, thereby producing an imbalance in the Maxwell stress and produces a driving force. Cheng et al. [75] fabricated electrowettability on a dielectric device using a single-plate confi guration with several steps for the control electrode array, and demonstrated that the threshold voltage needed to move the droplet (2 μL) can be reduced to as low as 3 V. Hong et al. [82] demonstrated the no-loss reversible transport of microliters of a superparamagnetic liquid on a superhydrophobic surface using alternating magnetic fi elds. Ichimura et al. [83] achieved macroscopic motion of liquids on a fl at solid surface by photoirradiation of a surface monolayer. In their research, the photoisomerization of surface azobenzenes was found to increase contact angle hysteresis and consequently produce directional motion. Hashimoto et al. [84] investigated the relationship between airfl ow and the motion of a water droplet on an inclined hydrophobic coating using a high-speed camera system and an open-circuit-type wind tunnel. Th ey reported that the motion of a water droplet in an air stream can be classifi able into three types: sliding, stopping and climbing. Th ey also determined that the wind velocity dependence diff ers between sliding and climbing acceleration. Dong et al. [85] identifi ed numerical resonance modes for the vibration of a sessile drop on a hydrophobic surface. Th ey reported that gravity enhances the fi rst resonant mode and weakens the second mode, even though the positions of the resonance peaks do not diff er substantially from those observed to have horizontal vibrations. When a drop is vibrated on a horizontal surface with asymmetric vibration, diff erent modes are amplifi ed asymmetrically during the forward and reverse strokes of a vibration cycle.
Chaudury et al. [86] demonstrated that a water droplet can be moved uphill merely by providing a spatial gradient in decyltrichlorosilane. Using that method, a liquid droplet is controllable not only in an external fi eld but by the introduction of a gradient in solid surface characteristics such as shape [87] , roughness [88, 89] and surface energy [86, 90] , or a mixture of these [91] . Zhang et al. [87] demonstrated self-running, both horizontally and uphill, of water droplets by patterning a shape-gradient hydrophilic material in a hydrophobic matrix. Th e proposed driving force for the self-running of the water droplets in the system involves the diff erence in wettability of the surface materials, the low contact angle hysteresis of the surface materials and the space limitation of the shape-gradient transportation area. Fang et al. [89] demonstrated transportation of a single droplet using hydrophobicity diff erences on various textured surfaces. A droplet on a surface that is patterned with a sequence of gradually increasing textured roughness regions can move continuously along the ascent of the surface roughness. Ito et al. [90] prepared a surface energy gradient using a moving mask and photolithography technique. Th ey demonstrated droplet motion on the surface and reported that the water drop movement was regulated by the degree of gradation. In these surfaces, a Laplacian pressure diff erence is generated between advancing and receding sides of the liquid; the liquid droplets move spontaneously.
Micropatterned surfaces with diff erent wettability are well known to provide wetting anisotropy [92] . Th e degree of that anisotropy depends on the line structure (line width), chemical composition, and its homogeneity. Using wetting anisotropy, the transportation of water droplets in the intended direction is feasible. Suzuki et al. [93] prepared a line-patterned surface using two silane coupling agents, then demonstrated that the selection of droplets is feasible by setting the surface rotating in-plane on the slope surface ( Figure 7) . Th is result is explained by the balance between gravitational and retentive forces. Directional transportation of a water droplet on a superhydrophobic surface with a hydrophilic path line was also demonstrated experimentally by Xu et al. [94] . Similar sliding anisotropy has been obtainable by preparing a line-patterned groove structure on a hydrophobic surface [95] .
Droplet motion on a normal hydrophobic surface is not always fast, which sometimes constitutes a barrier to the application of surface wettability in industrial devices. A superhydrophobic surface, on the other hand, enables rapid transportation of water droplets. Various systems have been proposed to combine superhydrophobicity with external fi elds (Figure 8 ). Takeda et al. [80] controlled the motion of a water droplet on a superhydrophobic surface using an electric fi eld. In their system, the Coulomb force of the electric charge provided to the water from the solid surface was the dominant driving force for water droplet movement. Recently, the internal fl uidity of water droplets during transportation on superhydrophobic surface by an external electric fi eld has also been analyzed using a particle image velocimetry system, revealing that the droplet undergoes slipping motion and that dielectrophoretic force plays an important role in movement by an electric fi eld [96] .
Summary and prospects
Studies of hydrophobic surface have to date mainly examined the relationship between the structure or chemical composition of a solid surface and the contact angle or sliding angle of water droplets. Th ese are fundamentally examples of static hydrophobicity. For that reason, such studies provide no information related to dynamic hydrophobicity. Detailed investigations of the eff ects of solid composition, surface structure, their alignment, and their homogeneity on dynamic hydrophobicity are necessary for the design of surfaces with excellent watershedding properties.
Previously, the behaviors of liquids were treated mainly on the basis of fl uid mechanics and the physical chemistry of the solid-liquid interface, and were investigated mainly from the point of view of surface science or colloid chemistry. Th e processing and properties of solid materials, however, are handled mainly in the fi eld of materials science. To achieve a better understanding of the relationship between solid surface characteristics and dynamic hydrophobicity, interdisciplinary studies in these three academic fi elds are necessary. In addition to discussions from the surface chemistry or materials science perspectives, descriptions and discussions from the viewpoint of fl uid mechanics and internal fl uidity are indispensable. Collaborative studies for dynamic hydrophobicity might establish a new academic fi eld situated on the border separating these three sciences.
Liquids and gels possess greater deformation fl exibility than solids. Th e control of liquids is a key technology for new functional surfaces and devices, and such technology will also contribute to the reduction of greenhouse gas emissions through a reduction in friction drag leading to higher energy conservation. Basic research related to the control of liquid droplets on solid materials remains insuffi cient. As this is a vital technology for our future, further investigations are anticipated in this fi eld.
